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I.  INTRODUCTION, 

In  order  to  get  a  computer  to  dual  with  the  physical  world  It 
must  h»ve  a  data  representation  on  which  computations  Involving 
space,  time,  shape,  size,  and  the  appearance  of  things  can  be  done. 
It  Is  my  current  prejudice  that  polyhedra  provide  the  proper  starting 
Dolr.t  for  building  such  a  physloa!  world  representation,  At  Stanford 
Artificial  I nte l | egence,  Blnford  and  AQln  have  started  Instead  with 
spine-cross  section  models  as  an  alternate  approach  to  the  same 
Problems  Creferenoe  13,  Other  researchers  with  somewhat  different 
goals,  are  attempting  to  build  semantic,  predicate  calculus,  problem 
so 1  v  1  n*1*  or  startegy  0  I ann i n°  wor  1  d  IT'od»,s.  IP.  any  event,  th I s 
oaoer  Is  at>out  a  body,  faoe,  edge,  vertex  polyhedron  model  that  is 
for  mopellng  objects  and  scenes  of  objects  for  the  sake  of  computer 
vision. 


Although  the  data  structure  to  be  discussed  Is  not  language 
dependent,  the  termin|ogy  and  examples  w|||  follow  ALGOL  and  LISP. 
A|so»  the  reader  is  assumed  to  have  some  acquaintance  with  the  ideas 
associated  with  the  following  technical  termsj 

A:  block,  n0de,  Item,  element,  atom, 

B:  link,  pointer,  address,  reference, 

C:  datum,  content,  value, 

D:  list,  ring,  stack,  pdl,  tret, 

E:  dynamic  free  storage  &  memory  allocation. 

a  thorough  presentation  of  these  terms  and  Ideas  can  pe  found  In 
chapter  two  of  volume  one  of  Knuth's  cookbook,  'The  Art  of  Computer 
Programming'  CR9fePence  73.  The  word  "ring"  used  informally  In  this 
oaoer  will  always  mean  a  double  pointer  ring  with  a  head*  and  as  In 
LISP,  words  of  memory  happen  to  be  able  to  hold  two  pointers. 


♦ 
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I,  a «  introduction  to  World  Modeling* 

I  will  Introduce  my  requirements  for  a  computer  model  of  the 
Physical  world  In  terms  of  Its  role  as  a  memory.  As  a  memory,  a 
world  model  has  contents  and  an  addresslnti  meohanlsm,  The  klnos  or 
data  that  I  wish  to  hold  In  my  world  model  arei 

CONTENT  REQUIREMENTS 

1,  Topological  data, 

2,  Geometrlo  data, 

3,  photometric  data. 

Parts  tr*e  data. 

Topological  data  has  to  do  with  the  notion  of  neighborhood;  a 
w0r|d  model  has  data  on  what  is  naxt  to  what.  A  faoo,  edge,  vertex 
model  Is  essentially  dedicated  to  surface  topologyj  matters  of  volume 
tobolody  are  not  stored  but  rather  must  be  computed.  Geometrlo  data 
has  to  do  with  notions  such  as  locus,  length,  area  and  voluma. 
Photometric  data  Includes  the  ioous  and  nature  of  light  sources,  as 
w§l|  as  data  on  how  surfaces  reflect,  absorb  and  scatter  light,  Parts 
tree  data  has  to  do  with  the  notion  that  objeots  are  composed  of 
parts,  which  1  construe  as  data  on  the  structure  of  the  physical 
world  rather  than  as  purely  an  artifact  of  having  structured  world 
data!  that  Is,  l  prefer  to  have  the  specification  of  how  an  entity  Is 
broken  Into  parts  be  external  to  my  world  modal,  The  kinds  of  data 
not  Included  are  semantic  data  (other  than  body  namee);  physical  data 
such  as  mass,  Inertia  tensors,  electrical  properties  and  so  .oni  end 
cultural  date  such  as  whether  an  object  ss  a  toy,  tool,  or  weapon; 
with  any  artistic,  religious  or  market  value, 

• 

Next  the  kinds  of  addressing  mechanisms  I  wish  to  have,  (or 
oquivalently  the  I  noufoutDUt  modes  of  the  model)  are: 

ACCESSING  REQUIREMENTS  t 

1,  ADpeartnce  -  given  *  cam»ri*  return  tn  JmaQe  of 
what  the  world  would  look  Tike  from  that  camera, 

2,  Recognition  -  given  an  Image,  return  the  objecte 
from  the  world  model  that  appear  In  that  Image, 

3,  Camera  Solution  •  given  a  recoonlzad  Image, 
find  the  location  4  orientation  of  the  camera, 

A,  perception  -  given  Images,  from  solved. cameras, 
plaoe  new  bodies  into  the  model  for  portions  of 
th«  images  that  have  noc  yet  been  recognized, 

5,  soattel  Accessing  «  given  a  iocus  and  radius, 
return  the  portions  of  objects  In  that  sphere. 

Clearly,  these  «ro  the  high  level  acoesslng  requirements  whloh  are 
the  reason*  for  having  a  world  model  and  the  design  goals  for  model 
bgi  idlng, 


FIGURK  1.3  -  A  Camera  Model. 


FIGURE  1.4  -  Logical  and  Physical  Paster  Sizes. 
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I.  Bi  Introduction  to  a  Camara  Model. 

As  the  accessing  requirements  imply*  a  world  model  requires  a 
special  entity  called  a  camera  which  is  used  to  model  image 
formation.  Although  the  camera  model  is  important  here  for  a  complete 
specification  of  the  data*  It  may  be  skipped  on  a  first  reading.  The 
particular  oamera  m0de!  I  have  been  using  lately*  Is  expressed  by 
eighteen  real  numbers  involving  nine  degrees  of  freedom,  First  there 
Is  the  camera  lens  center  locust 

cx*  CY*  Ci«  In  world  coordinates. 

Afls*d  to  the  lens  center  Is  the  camera  frame  of  reference  with  unit 
vectors  I*  J  and  k,  when  the  Image  formed  by  the  camera  is  placed  in 
correspondence  to  a  display  screen*  as  illustrated  In  figure  1.3*  the 
unit  vector  I  maps  into  the  rightward  positive  x  of  the  display 
screen*  and  the  unit  vector  J  maos  into  the  upward  positive  y  of  the 
display  screen*  and  the  unit  veotor  k  comes  out  of  the  display  screen 
to  form  a  right  handed  coordinate  system.  Together  the  three  unit 
vectors  cf  the  earners  are  the  three  by  three  rotation  matrix! 

IX,  IY,  IZ 

JX*  JY*  JZ  In  world  coordinates, 

KX,  KY,  KH 

Next*  there  are  three  scales  which  determine  the  correspondence 
between  world  size  and  Image  size.  Observe  that  the  world  Is  measured 
in  physical  units  of  length  like  meters  or  fast  while  computer  images 
corns  |n  Integral  sites  like  3,024  by  1024  or  430  rows  oy  512  columns* 
thus  the  conversion  scales  must  be  In  terms  of  logical  Image  units 
oer  physical  world  units.  In  an  actual  television  camera  a  minute 
Image  (say  9mm  by  i2mm)  Is  formtd  on  a  vltifson  tubs  and  that  image 
ha*  a  Dartloular  number  of  rows  and  columns,  It  Is  the  little  Image 
on  the  vidtcon  that  w§  pretend  to  model  by  tha  six  paramaterst 

LDX,  iDY*  LDZ  Logical  raster  size, 

PDX,  POY,  FOCAL  Physical  raster  size. 

Uhere  the  number  named  FOCAL*  ?s  the  focal  plans  dlatanoe  which  In 
this  mortal  (with  distant  objects)  can  safely  be  equated  with  the  lens 
fecal  length  and  can  be  given  In  millimeters  {conventional  lens  run 
12,5mm  to  75mm  for  i"  TV).  The  integer  LDZ  Is  an  artifact  so  that 
the  units  ocme  out  correctly  in  the  2  dimension.  Thus  the  scales 
factor*  ar«  defined. 

SCALEX  “  -FCCAL*LOX/POXj 
SCAlEY  -  -F0CAL»LDY/PD'O 

SCALE!  «■  FOCALeLDZj 

This  simple  camera  model  Is  used  tc  compute  vertex  Image 
coordinates,  A  mors  elaborate  physical  camera  model  can  be  found  In 
Sobal  Crafartnce  93, 
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I.  C.  Introduction  to  Body#  Faoe#  Edge#  Vertex  (BFEV)  Modeling, 

This  Introduction  to  BFEV  modeling  will  be  Informal  and 
spec  I T I c  to  the  winged  edge  modal  prattntad  in  Part-!!  of  this  papar. 
Many  of  tha  basic  numerical  relations  which  maks  BFEV  models 
Imoortant  ara  stated  in  ALGOL  notation  without  Proof, 

The  Vertex. 

A  vertex  is  an  Instance  of  a  point  In  a  Euclidean  three 
space,  The  important  thing  about  a  vertex  Is  Its  world  locus  (with 
component  names  XWC,YWC,2WC  standing  for  world-coordinates).  Vertex 
loci  I  are  the  basic  geometric  data  from  which  length,  area,  volume, 
face  vectors  and  Image  positions  oan  be  computed.  Also  a  vertex  may 
exist  simultaneously  in  one  or  more  image  spaoes,  An  Image  space 
(with  oomponent  names  XPP#YPP,2PP  standing  for  perspective-projected) 
Is  always  three  dimensional  and  is  determined  with  respect  to  a  given 
camera  oentered  coordinate  system  (with  component  names  XCC»YCC#2CC 
standing  for  camera-coord  I  nates) ,  The  third  Image  component#  2PP, 
is  taken  Inversely  Proportional  to  the  distance  of  the  vertex  from 
the  camera  Image  Plane,  2CC,  Uslnfl  the  camera  of  the  previous 
section.  The  transformation  of  a  vertex  world  locus  to  a  camera 
oent«red  locus  is: 

X  -  XWC  -  CXI 
Y  «•  YWC  -  CYI 
2  -  2WC  -  C2l 

XCC  -  IX*X  ♦  I Y*Y  +  12*2) 

YCC  -  JX*X  +  JY*Y  +  J2*2| 

HOC  -  KX*X  ♦  KY#Y  ♦  K2*2| 

The  first  three  assignment  statements  are  the  translation  to 
the  camera  frame's  origin,  the  second  three  assignments  are  the 
rotation  to  the  oamera  frame's  orientation.  Next  the  perspective 
Projection  transformation  Is  computed* 

XPP  -  SCALEX*XCC/2CCj 
YPP  -  SCALEY«YCC/2CCj 
2PP  -  SCALEH  /2CC j 

The  XPP  and  YPP  assignments  are  derived  by  means  of  similar 
triangles,  as  Is  being  done  by  the  man  in  figure  1,51  the  Hop 
assignment  Is  for  preserving  the  depth  information  and  the 
eoMnearlty  of  the  world  In  the  perspective  Projected  image  soaee,  A3 
given,  the  PP  frame  is  right  handed  and  vertices  In  front  of  the 
camera's  Image  olane  will  have  negative  Zppj  2pp  values  near  -FOCAL 
er*  close  to  the  camera  and  values  approaching  zero  are  far  away, 

A  final  matter  with  respect  to  vertices  Is  their  valence.  The 
vtlence  of  a  vertex  Is  the  nump»r  of  edges  th#t  meet  a*  the  vertex,  A 
vertex  valence  of  three,  for  example#  Indicates  a  trihedral  corner. 
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I*  C.  Introduction  to  BFEV  Modeling,  (continued), 

The  Ldfle, 

For  a  start*  the  structure  of  an  edge  need  be  thought  of  as 
little  irore  than  two  vertices;  the  topological  subtlety  of  edges  will 
be  explained  later.  However*  two  vertices  do  define  the  Important 
geometric  edge  data  called  the  20  line  coefficients.  Named  AA,  R8 , 
Cc;  these  coefficients  are  comouted  from  the  perspective  locus  of  the 
edge's  endpoints  as  follow?; 

AA  *■  Y1  -  Y2l 
BB  -  X2  -  Xi; 

CC  -  X1*Y2  -  X2#Yl; 

These  coefficients  aopear  In  the  20  equation  of  the  line  that 
contains  the  edge; 

0  =  AA*X  +  BB«Y  +  CC) 

when  the  edge  coefficients  a re  normalized; 

L  «■  SQRT ( AA 1 2+BB 1 2 ) » 

AA  -  aa/l; 

BB  -  88/L; 

CC  -  CC/U 

the  line  eauatlon  gjves  the  distance*  of  a  point  X*Y  from  the  line: 

0  AA*X  +  3B*Y  +  cc; 

Tne  distance  is  actually  A9SCQ),  since  Q  is  negative  on  one  ^ide  side 
cf  the  line;  also  if  one  were  standing  on  the  plane  at  point  XI, Yl 
facing  x2,Y2  the  Q  positive  half-plane  would  be  on  your  left  and  the 
C  negative  half  plane  would  be  on  your  right. 

An  Important  operation  on  two  edges  Is  to  detect  whetner  or 
not  they  intersect*  this  can  &e  decided  by  checking  first  whether  th? 
endpoints  of  one  edge  are  in  the  opoosite  half  planes  of  the  other 
edge*  and  second  whether  the  endpoints  of  t1*-  »  latter  edge  are  In  the 
opoosite  half  planes  of  the  first.  When  bo  conditions  obtain*  then 
the  Intersection  point  can  be  founds 

T  -  (A1*B2  -  A2*B1>; 

X  -  <B1*C2  -  B2»C1)/T; 

Y  »•  <A2#C1  -  A1#C2)/T; 

A n  actual  compare  for  Intersection  should  initially  chec*  for  the 
laentity  case,  and  for  edges  with  a  vertex  in  common , 


PAGE  10 


I,  Ci  Introduction  to  BFEV  Modeling,  (continued). 

The  Face, 

A  face  Is  a  finite  region  of  olane  enclosed  by  straight 
lines,  a  safe  formal  face  structure  oould  be  built  by  defining  a 
triangle  as  three  non-ool Inear  vertices  and  then  Insisting  that  all 
faces  be  triangle  interiors.  Unhappily#  BFEV  faces  are  usually 
reoriented  as  a  list  of  vertices  and  edges  (or  by  something  nearly 
equivalent)  for  the  sake  of  saving  memory  space.  Such  Mist*  faces 
are  not  monolithic  but  tend  to  suffer  special  cases  and  pathologies 
such  as: 

Coincident  or  crossing  edges# 

Holes  and  0 1 sjo 1 ntness# 

Concavity  (4  Convexity)# 

Non-coo lanar I ty. 

Like  edges,  faces  have  characteristic  coefficients.  Face  coefficients 
satisfy  the  eauatlon  of  a  plane  In  whioh  the  face  Is  embedded: 

AA*X  +  BB*Y  ♦  CC*Z2  a  KK, 

The  equation  could  b«  divided  by  KK#  but  that  *s  undesirable  because 
the  aa#  BB,  CC  are  more  useful  as  a  unit  normal  vector#  In  which  case 
kk  Is  the  distance  of  the  origin  from  the  plane,  Given  the  looll  of 
three  non-ool  (near  vertices,  the  coefficients  of  a  plane  can  be 
computed  by  Kramer's  rule  as  follows: 

KK  «■  Xi«(22*Y3-Y2*Z3) 

+  Yi* <  X2*23-Z2*X3) 

♦  2i*(Y2«X3-X2*Y3)| 

AA  (21*(Y2-Y3)  ♦  22*(Y3-Y1>  ♦  23*(Y1-Y2))) 

BB  «•  (Xl*(Z2-H3>  ♦  X2*(H5-2i)  +  X3*(Hl-22)); 

CC  -  (Xl*(Y3-Y2>  ♦  X2#(Y1-Y3>  +  X3*(Y2-Y1))» 

and  norma  1 1  zed: 

ABC  *  SORT ( AA»2  ♦  BBtg  ♦  CC»2)| 

AA  -  AA/ABCJ 
BB  «■  BB/ABC  j 
CC  *•  CC/ABCj 
KK  «•  KK/ABCj 

If  the  given  v*rtlc«s  VI#  V2#  V3  had  been  taken  going  counter 
clockwise  about  the  face  as  viewed  from  the  exterior  of  the  solid, 
then  the  following  relations  obtain: 

AA*X  +  B8*Y  ♦  CC*H  <  KK  Implies  X»Y#2  above  the  plane. 

AA«X  *  BB*Y  ♦  CC*2  =  KK  implies  X#Y#2  In  the  plane, 

AA*x  ♦  BB*Y  ♦  CC*2  >  KK  impjles  X»Y#2  below  the  plane. 

Face  coefficients  Prove  useful  In  both  world  and  image  coordinates. 
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1.  C.  Irtroductlon  to  BFEV  Modeling,  (continued), 

POlYHEDRa,  BODIES  and  OBJECTS, 

In  elementary  geometry*  a  polyhedron  Is  said  to  be  a  30 1  I d 
formed  (or  bounded)  by  plane  faces#  the  word  "polyhedron"  literally 
meaning  "many-faced".  Topologically,  simple  polyhedra  satisfy 
Euler's  F-E+V=2  eouationj  where  F#  E  and  V  are  the  number  of  faces# 
eases  and  vertices  of  the  polyhedron  respectively.  This  eouatlon  was 
known  to  Descartes  in  1643#  but  the  first  Proof  wasn't  given  until 
1732*  when  Euler  Droved  the  relation  by  considering  the  graph 
corresponding  to  the  edges  of  polyhedra,  A  simple  polyhedron  Is  one 
hoireomorph I c  to  a  sphere.  The  rigorous  development  of  volume  measure# 
and  Un  turn  'solid'  polyhedra#  Is  not  simple;  thus  it  has  been  easier 
to  take  the  topological  notion  F-E+V=2  as  the  more  primitive 
definition  of  a  polyhedron  on  which  to  base  a  data  structure  and  to 
orcceed  towards  the  appearance  of  ‘solidness'  which  is  a  more 
comp  I  i catea  not  I  on. 

Counter  to  the  usual  usuage,  I  define  the  word  ’’body"  to  mean 
an  entity  more  soeclfic  than  a  polyhedron*  the  Idea  being  that  a 
polyhedron  Is  represented  oy  the  whole  structure  of  bodies*  faces# 
edges  and  vertices.  Bodies  may  have  location,  orientation  and  volume 
In  soace.  Bodies  may  be  conected  to  faces#  edges  and  vertices*  which 
may  or  may  not  form  a  complete  DOlyhedron,  It  is  typical  to  nave 
only  one  body  to  a  polyhedron  when  representing  a  rigid  object  like  a 
s|eo9e  hammer  and  several  bodies  to  a  polyhedron  when  representing  a 
flexible  object  like  a  man.  Furthermore,  the  body  concept  Is  used  to 
hanale  the  notion  of  parts  and  abstract  regional  objects  such  as  a 
oarking  lot,  For  example,  the  Stanford  AI  Parking  Lot  is 
recr6sented  by  a  body  that  h*$  three  parts:  the  Near*  Mid  and  Far 
Lots,  The  Near  Lot  then  has  aisles  and  lanes  and  lamp  islands*  a  lamp 
Island  has  a  curb  and  two  lamps!  a  lamp  has  a  base,  stem  and  too. 
This  parts  structure  is  carried  In  body  nodes,  Finally,  the  word 
"object"  w|||  be  used  to  refer  to  physical  objects  such  as  a 
redwooa-tree,  buildjng.  or  roadway, 


Preceding  page  fat 
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F  I  Sure  1,6 

FACE  PERIMETER  -  a  face  is  surrounded  oy  edges  and  vertices. 


VERTEX 


/  \ 

/  \ 


/ 

/ 

EDGE  / 

/ 

/  face 

/ 


\ 

\ 

\  EDGE 
\ 


\ 

\ 


/  \ 

/  \ 

VERTEX  - - - - -  VERTEX 

EDGE 


f i 9ure  1 , 7 

VERTEX  PERIMETER  -  a  vertex  is  surrounded  by  ed3es  and  faces, 

EDGE 

i 

I 

FACE  I  PACE 

I 

•  VERTEX 
/  \ 

/  \ 

/  \ 

/  \ 

/  face  \ 

EDGE  EDGE 

F i 9ure  1,8 

EqCe  PeRIMeTeR  •  an  edge  is  surrounded  by  2  faces  <S  2  vertlce 


VERTEX 


• 

I 

I 

FACE  e  face 


\ 


vertex 
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1.  C.  Introduction  to  BFEV  Modeling,  (oontlnued). 

FOUR  KINDS  OF  BFEV  ACCESSING, 

1,  Accessing  py  name  and  serial  number. 

2,  Parts-Tree  Accessing. 

3,  FEV  Sequential  Accessing, 

4,  FEV  Perimeter  Accessing, 

a  BFEV  nioce  I  has  four  kinds  of  accessing.  The  most 
conventional  BFEV  access  is  retrieval  oy  symbollo  name  which  requires 
a  symbol  tabie,  Next,  botween  bodies  there  Is  Parts-Tree  accessing. 
At  tne  top  of  the  Parts-Tree  is  a  special  body  named  the  world  to 
whlch  all  tne  other  oodies  are  attached;  thus  the  world  body  serves 
as  an  UBLIST  node,  Given  a  particular  body,  a  list  of  its  sub-Darts 
can  oe  retrieved  as  wall  as  Its  suora-part  or  "supart",  a  suoart  is 
the  whole  entity  to  which  a  part  belongs,  the  world  being  its  own 
suca  r t • 


within  each  booy  there  Is  face,  edge  and  vertex  sOauentlai 
accessing.  Given  a  oody,  all  its  faces,  or  edges,  or  vertices  need  to 
be  readily  avallaDje  since  perspective  projection  loops  thru  all  the 
vertices,  and  the  process  of  display  clipping  loops  thru  all  the 
edges,  and  the  act  of  checking  for  body  Intersection  loocs  thru  all 
the  faces.  In  IISC,  cne  miqht  Provide  FEV  seauential  accessing  by 
placing  a  list  of  faces,  a  list  of  edges  and  a  I • st  of  vertices  on 
the  Property  list  of  eacn  body,  so  that  a  cube  might  be  represented 

ass 


(LEFPROP  CUBE  (FI  F2  F3  F4  F5  f'6)  FACES 3 

(OEFPROP  CU9E  <El  E2  e3  E«  E5  E6  E?  £8  E9  Eld  Ell  -12>EdGES) 

(DEFpRoP  CUBE  (VI  V2  V3  V4  V5  V6  V7  V8)  VErTtCES3 

Finally,  among  the  faces,  edges  and  vertices  of  a  body  there 
is  perimeter  accessing,  Faces  have  a  perimeter  of  edges  and  vertices 
[figure  1,6];  less  commonly  used,  vertices  nave  a  perimeter  of  edges 
ano  faces  Cfigure  1,7];  ana  of  particular  note,  edges  have  a 
perimeter  always  formed  by  two  faces  and  two  vertices,  [figure  1,83. 
Perimeter  accessing  requires  that  given  a  face,  edge  or  vertex,  that 
the  oerir.eter  of  that  entity  be  readily  accessible.  Since  the  surface 
of  a  polyhedron  Is  orientabie,  that  Is  has  a  well  defined  Inside  and 
outside,  (Klein  bottles  with  their  crosscaps  will  not  ba  modeled), 
such  perlmeter  lists  can  be  ordered  (say  clockwise)  with  respect  to 
the  exterior  of  the  polyhedron.  Perimeter  accessing  is  mentioned  in 
Gu*man  [reference  6]  and  Falk  [reference  43  and  is  the  underlying 
basis  of  oart-II  of  this  oaoer  which  presents  a  polyhedron  model 
built  for  accessing  and  altering  face,  edge  and  vertex  perimeters. 
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F|gure  2,1  -  BASIC  NODE  STRUCTURE, 


body-block 

FACE-BLOCK 

EDGE-BLOCK 

•3,  oart#cop»rt 

-3. 

-s. 

-2i 

-2, 

-2 , 

•1» 

-1. 

-1. 

0,  type 

0*  type 

0i  type 

♦1,  nface.pface 

♦1.  nface»oTace 

*1,  nfece.pfaoe 

♦2,  ned.ped 

♦2.  Ded 

♦2,  nedioed 

♦3 i  nvt.ovt 

+3. 

+3,  nvt#ovt 

♦4 , 

♦4, 

♦4,  ncw,pow 

♦5, 

♦5. 

*5,  nccw.pccw 

t± i _ 

_ 

±6i _ 

5  words 2  words 6  words 


VERTEX-BLOCK 

*3, 

xwc 

-2. 

YWC 

-1. 

HHC 

0. 

+1. 

type 

♦2, 

ped 

+3, 

♦4, 

♦5, 

t&x. 

nvt.pvt 

5  words 


Figure  2,2  -  THE  WINGED  EDGE. 

(As  viewed  from  the  exterior  of  a  solid), 
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Figure  2.3  -  AN  ACTUAL  NODE  STRUCTURE  -  SEPTEMBER  1972, 
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P4HT-1I.  T H£  WINGED 


EDGE  Data  ST'-jjcTJRt:. 


1 1 •  A ,  Winged  Edge  Data  Structure- 

Bodies,  Faces,  Edges  and  Vertices  ar®  represented  0y  Clocks 
of  contiguously  aodressed  words,  A  single  bloc*  size  of  ten  words  is 
adeauate ,  a  single  word,  like  a  LISP  node,  can  hold  two  addresses  or 
a  floating  point  number,  The  BFEV  blocks  are  pointed  at  by  tne 
adaress  of  tnelr  word  numbered  zero  which  contains  control  oits 
Incicating  whether  the  block  Is  a  body,  face,  edge  or  vertex,  Figure 
2.1  illustrates  the  block  format  that  is  being  presented  as  an 
exanr.Die  of  a  winged  edge  data  structure;  a  minimal  numper  of  words 
for  each  block  Is  indicated. 

The  basic  geometric  datum  Is  the  vertex  locus,  which  Is 
stored  in  three  w0rds  of  each  vertex  block  at  positions  -3,  -i; 
these  positions  are  named  xwc»  Ywc»  HWc  respectively;  the  letters 
"WC"  standing  for  "world  coordinates", 

The  basic  tooolosical  data  are  the  three  rings  of  the  body; 
(a  ring  of  faces,  a  ring  of  edges,  and  a  ring  of  vertices)  and  the 
winged  edge  pointers  (eight  such  pointers  In  each  edge  block, and  one 
such  Pointer  In  each  face  and  vertex  olock).  The  face,  edge  and 
vertex  ring  pointers  are  stored  at  positions  +1,  +2,  +3;  eacn 
Position  has  tw0  names:  NF ACE,  MED,  MVT  for  the  left  pointers 
respectively;  and  pfacE,  PEG,  PV'T  for  the  right.  A  face,  edge  or 
vertex  can  only  belong  to  one  body  and  so  there  is  only  one  body  node 
in  a  S*ven  face,  edge  or  vertex  ring;  and  that  body  node  serves  as 
the  head  of  the  ring.  The  reason  for  double  pointer  rings  is  for  the 
Sake  of  raDld  deletion;  other  minor  advantages  would  not  Justify  the 
us®  °f  doub  |  e  rings, 

,  The  eight  WINGED  pointers  of  an  edge  block  Include:  two 
Do'nters  to  the  faces  of  that  edge,  two  Dolnters  to  the  vertices  of 
that  ®age,  and  four  pointers  to  the  next  -edges  clockwise  and  counter 
clockwise  in  each  0*  that  edge's  two  faces)  these  last  four  pointers 
are  called  the  wings  of  that  edge,  As  figure  2.2  suggests,  four  of 
these  eight  pointers  are  stored  in  the  same  Dositions  and  referred  to 
by  the  sane  names  as  the  face  and  vertex  ring  pointers;  namely  the 
NF Act ,  PFACE,  NVT  and  PVT  pointers,  There  are  four  ways  In  w*lch  a 
Pa'r  of  faces  and  a  pair  of  vertices  can  be  placed  Into  t"e  two  face 
Positions  and  two  vertex  positions  of  an  edge;  by  constraining  these 
choices  two  bits  are  implicitly  encoded,  one  bit  is  called  the  edge 
Parity,  and  the  other  Is  called  the  surface  parity;  these  oits  are 
exDiained  later.  Finally,  the  single  winged  edge  pointer  found  in 
faces  and  vertices  Is  kept  in  the  position  named  PEG  and  it  points  to 
one  of  the  edges  belonging  to  that  fac®  or  vertex. 

Although  the  vertices  in  figure  2.2  are  shown  wit1'  three 
ed3es,  vertices  nay  have  any  number  of  edges)  those  other  potential 
eases  wou|d  not  ne  directly  connected  to  E  and  so  were  not  sno--n, 
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A  SUMMARY  OF  winged  edge  OPERATIONS. 


DYNAMIC  STORAGE  ALLOCATION. 

1 . 

Q  *  GETBLK(SI2E> J 

2 

RELBLK(Q,SIHE) l 

BF£V  MAKE  $  KILL  OPERATIONS. 

1. 

BNEW  ••  MKB  ( B  )  1  KLB(BNEW)  1 

2. 

FNEW  *  MKF(3)J  KLF(B,FNEW)J 

3. 

ENEW  MKE(9)J  KLE(B,ENEW>| 

A. 

VNEW  -  MKVO) ;  KLV(B,VNEW)| 

FETCH  LINK  AND  STORE  LINK  OPERATIONS, 

1. 

F  -  NFACE(Q)}  F  *  PFACE(Q)I  NFACE.(F#Q>) 

PFaCE , (F, 0) ; 

2, 

E  *  NED  ( 0)  J  E  «•  NED(Q){  NED.(E,Q)J 

PEO. (E,Q) 5 

3. 

V  -  NVT  ( Q )  i  V  *  NVT  ( Q )  l  NVT.(V,Q)| 

PVT.(V,Q)j 

4. 

A  «•  NCW(E))  A  *  PCW(E) }  NCW  .  ( A ,  E )  j 

PCW. C  A • E >  J 

5. 

A  -  NCCW(E);  A  -  PCCW(E) ;  NCCW.(A,E>| 

PCCW, ( A,E) j 

WING  LINK  OPERATIONS. 

t. 

WING ( El » E2 ) } 

2. 

INVERT (E) ; 

PERIMETER  FETCH  OPERATIONS, 

I: 

E  *  ECW(E.Q) l 

E  -  ECCW(EiC)} 

3, 

F  -  FCW ( E  #  V ) } 

4. 

F  FCCWJEi V )  1 

5, 

V  -  VCW(E,F)J 

6. 

V  *  VCCW ( E i F ) 1 

7. 

Q  -  OTHER (E , 0 ) ) 

PARIS  TREE  OPERATIONS, 

2*. 

B  *•  PART ( 9 ) }  B  -  COPART  (B )  j 

B  -  BODY(Q) j  B  -  SUPART {B ) } 

3. 

ATT (Bl»  B2) 5  ATTACH(B1»82> 5 

4. 

OET  CB ) 1  DETACH(B); 

PACE  ]8 


II.  b,  The  Winged  Cage  Operations* 

Dynamic  Storage  Allocation, 

At  the  V6ry  bottom,  of  what  is  becoming  a  rather  bees  nest  of 
o  r '  nr  i  t  i  v  ©  s  within  primitives,  are  the  two  dynamic  storage  allocation 
functions  GET8LK  and  RElrlk.  GETBLK  allocates  from  1  to  <*.K  words  of 
memory  sbace  in  a  contiguous  block  and  returns  the  machine  address  cf 
the  Mrst  word  of  that  block,  REL8LK  releases  the  indicate-:  block  to 
the  avaiiaole  free  memory  space,  (It  Is  sad  that  the  machines  of  our 
day  do  rot  come  wit"*  dynamic  free  storage),  a  good  reference  for 
i  itd  I  emert  i  ng  sucn  dynamic  storage,  mentioned  earlier,  Is  Knuth 
Creference  7],  Altnoudh  a  fixed  block  s>ze  of  ten  or  f6wer  words  car. 
be  made  to  hancle  the  3 FEV  entities,  grandiose  and  fickle  research 
applications  (as  well  as  memory  use  optimization)  oemanw  the 
flexibility  of  a  variable  block  size. 

BFE.V  Make  «  Kill  Operations. 

Just  above  the  free  storage  routines  are  the  four  pairs  of 
make  aho  kill  operations.  The  MKB  operation  creates  a  body  block'  and 
attaches  it  as  a  sub-part  of  the  given  body.  The  world  body  always 
exists  so  that  MKB('WORL0>  will  make  a  Dody  attached  to  the  world.  In 
this  caper,  the  terms  'attach'  and  'detach'  refer  to  operations  on 
the  darts-tree  linkages.  The  FEV  make  operations:  mKF,  r,KZ ,  mKv 

create  the  corresponding  F£V  entities  and  blace  tne"  in  their 
respecTtve  FEV  rings  of  the  given  body.  In  the  current 

Implementation,  th8  F£V  nakers  set  tne  type  bits  °f  th®  entity,  and 
I nc rene^t  the  proper  total  FEV  Counter,  as  we | i  as  the  proper  b0dy 
F£V  counter  In  the  given  Dody's  node,  (the  Font,  Ecr»t,  Vent  node 
Positions  are  shown  in  figure  2,3),  The  Kill  operations:  KL3»  K|_F, 
KLt,  ar.d  KLV;  delete  the  entity  from  its  ring  (or  remove  !t  from  the 
Darts-tree),  release  its  space  by  calling  RELBLK,  anu  then  decrement 
the  appropriate  counters,  The  body  of  the  entity  is  needed  cy  the 
kill  primitives  and  can  be  provide  directly  as  an  argument  or  if 
mlss'ns,  will  oe  found  in  the  data  by  the  primitive  itself, 

Fetch  Link  and  Store  Link  Operations, 

Each  of  the  fetch  link  and  store  link  operations  named  in  the 
summary  is  a  single  machine  Instruction  that  accesses  the 
corresponding  link  position  in  a  node,  Once  6FEV  nodes  exist,  with 
their  rings  and  oarts-tree  already  in  place;  the  fetch  a-'d  store  link 
ope-atlons  are  used  to  construct  or  modify  a  polyhedron's  surface.  At 
this  lowest  level,  constructing  a  polyhedron  reoulres  three  steos: 
first  the  two  vertex  and  two  face  pointers  are  placed  into  each  edge 
In  counter  clockwise  order  as  they  appear  when  that  edge  is  vieweo 
frofr  the  exterior  of  the  solid?  second  an  edge  pointer  is  placed  in 
each  face  and  vertex,  sc  that  one  can  later  9et  from  a  given  face  or 
vertex  to  one  of  its  edges;  and  third  the  edge  wings  are  linkeo  so 
that  all  the  orders  perimeter  accessing  operations  descr'beo  below 
w}l|  work,  wing  linking  is  facilitated  by  the  wIng  operation. 


FIGURE  2.4 


MIDPOINT  example  ($•*'  t«xt  on  past  20). 


\  ovt  / 

\  / 

nccw  \  /  pew 

\  / 

V  • 

I 

ENEW  I 

I  nvt 
VNEm  • 

I  pvt 
E  I 


/  \ 

new  /  \  pecw 

/  \ 

/  nvt  \ 

INTEGER  PROCEDURE  MIDPOINT  (INTEGER  E>; 

BEGIN  "MIDPOINT" 

INTEGER  B,ENEW#VNEW, VI* V2* 

«  CREATE  A  NEW  EDGE  AND  VERTEX! 

B  -  BODY(E); 

VNEW  -  MKV ( B ) ) 

ENEW  -  MKE(B); 

«  get  vertices  and  faces  connected  to  edges; 

PVT,(PVT(E).ENEW)! 

PVT,(VNEW,E)| 

NVT, (VNEW, ENEW)! 

PEACE, (PFACE(E), ENEW); 
NFACE,(NFACE(E),ENEW); 

«  GET  eoges  connected  to  VERTICES; 

IF  PED(V)aE  THEN  PED. (ENEW,V> J 
PEO, (ENEW, VNEW)J 

«  LINK  THE  WINGS  TOGETHER) 

W!NG(NCCW(E),ENEW)|WING(PCW(E)iENEW) ; 
NCW, (E, ENEW) ;PCCW. (E, ENEW); 

PCW, (ENEW.E) INCCW, (ENEW,E)I 

«  PLACE  VNEW  at  midpoint  position; 

VI  «•  PVT  (ENEW )  j  V2  ♦>  NVT(E) ; 

XWC(VNEW)  «•  (XWC(VD+XWC(V2) )  •  0.5; 
YWC(VNEW)  *•  (YWC(Vi  >*YWC(  V2) )  *  0.5) 
2WC ( VNEW )  -  (HWC(Vi)*HWC(V2> >  •  0.5; 
RETURN ( VNEW ) j 

END  "MIDPOINT";  _ _ 
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The  Xing  Link  Operation, 

The  WING  operation  stores  edge  pointers  into  edges  so  that 
the  face  perimeters  and  vertex  perimeters  are  made;  and  so  that 
surface  parity  is  preserved.  Given  two  ed9es  which  have  a  vertex  and 
a  face  in  common,  the  WING  operation  places  the  first  edge  in  the 
Proper  relationship  (PCW,  NCCW,  NCW,  or  PCCW)  with  respect  to  the 
second,  and  the  second  In  the  proper  relationship  with  respect  to  tho 
first,  The  INVERT  operation  swaps  the  vertex,  face,  clockwise  w|ng, 
and  counter  clockwise  winfl  pointers  of  an  edge,  INVERT  preserves 
surface  parity,  but  flips  edge  parity. 

The  Midpoint  Example. 

In  figure  2,4  an  example  of  how  the  operations  given  so  far 
couio  be  used  to  code  a  midpoint  primitive  is  shown,  The  example 
midpoint  primitive  takes  an  edge  argument  and  splits  it  In  two  by 
making  a  new  edge  and  a  new  vertex  and  by  placing  them  Into  the 
Polyhedron  with  the  topology  shown  In  the  diagram.  Then  the  midpoint 
I o c u s  Is  computed  and  the  new  vertex  is  return.  The  ALGOL  notation 
usea  Is  SAIL,  which  allows  defining  the  character  as  a  COMMENT 
delimiter  and  allows  defining  XWC  as  a  real  number  from  the  special 
array  named  MEMORY.  The  MEMORY  array  In  SAIL  is  the  job's  actual 
machine  memory  space  and  9ivos  the  user  the  freedom  of  accessing  any 
wore  in  his  core  image. 

The  Rarts-Tree  Operations. 

As  shown  in  figure  2.1,  each  body  node  has  two  Darts-tree 
links  named  PART  and  COPART.  The  PART  link  is  the  head  of  a  list  of 
sub-parts  of  the  body,  When  a  body  has  no  sub-parts  the  part  link  is 
the  negative  of  that  body's  pointer?  that  is  the  body  points  at 
Itself,  When  a  body  has  parts,  the  first  part  is  pointed  at  by  PART 
ana  the  second  Is  Pointed  at  by  the  COPART  link  of  the  first  and  so 
on  until  a  negative  pointer  Is  retrieved  which  indicates  the  end  of 
the  parts  list.  The  negative  pointer  at  the  end  of  a  carts  list 
Points  back  to  the  or9ina|  body,  which  is  the  suora-part  or  "supart" 
of  all  those  bodies  in  that  list. 

The  parts  may  be  accessed  by  its  link  names  PART  and  COPART. 
A|so  the  SdpART  of  a  body  returns  the  (positive)  pointer  to  the 
suoart  of  a  body,  The  BoOY  operation  returns  the  Cody  to  which  a  face 
ed9e  or  vertex  belongs?  this  might  be  found  by  COR'i.ng  a  FEV  ring 
until  a  body  nods  is  reached,  but  for  the  sake  of  speed  each  edge  (as 
shown  in  figure  2,3)  has  a  PBODY  link  which  points  back  to  the  body 
to  which  the  edge  belongs,  and  since  each  face  and  vertex  points  at 
an  ed9e*  the  body  of  an  FEV  entity  can  be  retrieved  by  ^etc^ing  only 
one  or  two  I  I  nks . 
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Part  Tree  Operations  (Continued). 

The  parts-tree  is  altered  by  the  DET ( 9 )  operation  which 
removes  a  body  9  from  its  supart  and  leaves  it  hanslng  free;  and  the 
ATT^dlffl?)  operation  which  places  a  free  body  PI  into  the  carts  list 
of  a  body  B2,  Since  bodies  arfl  nade  attached  to  the  world  oedy  and 
generally  Kept  attached  to  something,  two  further  carts-tree 
operations  are  provided,  compounding  the  first  two  in  the  necessary 
manner.  Tne  DETACH(p)  operation  DET's  9  from  its  current  owner  and 
ATT's  it  to  the  rtorld;  and  the  ATTACH ( Bl » 92  )  operation  a!  I  I  ClT  3l 
frorr  its  supart  and  attach  it  to  a  new  supart.  In  normal  (one  world) 
circumstances  one  only  nearfs  to  use  ATTACH  to  build  things. 

Perimeter  Fetch  and  Store  Operations. 

There  are  seven  perimeter  fetch  primitives,  which  *nen  * i  ven 
an  edge  and  one  of  its  links  will  fetch  another  link  in  a  certain 
fashion.  Using  the  winged  edge  data  structure  these  primitives  are 
easily  implemented  in  a  few  machine  instructions  which  test  the  type 
bits  ano  typically  do  one  or  two  comDares,  Clockwise  and  counter 
clockwise  are  always  determined  from  the  outside  of  a  polyhedron 
I  o  o  k i n  g  down  on  a  Particular  face,  edge  or  vertex.  I  aro!ogiZ2  for 
the  hich  redundancy  on  the  next  page*  but  felt  that  it  was  necessary 
to  rrake  the  explanations  independent  for  reference, 

FIC-IXE.  2 , 1  -  Face  Perimeter  Accessing  witn  respect  to  eape  E . 

VCCW(E.F)  - - E - -  VCw(L.F) 

\  / 

\  F  / 

ECCif(E.F)  F.C..  (E,r) 

\  / 

\  / 

\  / 

\  / 


FIGURE  2.6  -  Vertex  Perimeter  Accessing  with  roso?ct  to  -ic'.e  E, 


I 

j 

r C C W ( E , V  )  I  FCWCE, V) 

*  V 
/  \ 

/  \ 

/  \ 

/  \ 

ECCW(E.v)  ECw(E.V) 


The  Peri  meter  fetch  Operations 


E  *■  ECW(E,F){  Get  Ed9e  Clockwise  from  E  about  F's  perimeter. 

E  LCCW(E,F) ;  Get  Edge  Counter  Clockwise  from  E  about  F's  perimeter. 

.Given  an  edge  ana  a  face  belonging  to  that  edge*  the  ECW 

fetch  primitive  returns  the  next  edge  clockwise  belonging  to  the 

given  face's  perimeter  and  the  ECCW  fetch  primitive  returns  the  next 
ed9e  counter  clockwise  belonging  to  the  given  face's  perimeter* 

E  *•  tew  { E ,  V ) }  Get  Edge  Clockwise  from  E  about  V's  perimeter. 

E  Ecc^(E*v)J  Got  Edge  Counter  Clockwise  from  E  about  V's  perimeter. 

Given  an  edge  and  a  vertex  belonging  to  that  edge,  the  ECW 

fetch  primitive  returns  the  next  edge  clockwise  belonging  to  the 

given  vertex's  perimeter  and  the  ECCW  fetch  primitive  returns  the 
next  edge  counter  clockwise  belonging  to  the  given  vertex's 
per  I  meter . 

F  «•  FCW(E*V)j  Get  the  face  clockwise  from  E  about  V. 

F  ••  f  CCw(E»V) ;  Get  the  face  counter  clockwise  from  E  about  V. 

Given  an  edge  and  a  vertex  belonging  to  that  edge,  the  FCw 
fetch  Primitive  returns  the  face  clockwise  from  the  given  ed3e  about 
the  given  vertex  and  the  FCCW  fetch  primitive  returns  the  face 
counter  clockwise  from  the  given  edge  about  the  given  vertex, 

V  *•  VCW(E,F);  G8t  the  vertex  clockwise  from  E  about  F. 

V  *■  VCCW(E*F);  Get  t^e  vertex  counter  clockwise  from  E  about  F, 

Given  an  edge  and  a  face  belonging  to  that  edge,  the  vCW 

fetch  Primitive  returns  the  vertex  clockwise  from  the  given  edSe 
about  the  given  face  and  the  VCCW  fetch  primitive  returns  the  vertex 
counter  clockwise  from  the  given  edge  about  the  given  face, 

F  *•  utheR(E,F);  Get  the  other  face  of  an  edge, 

V  *•  UTkER(E,V>)  Get  the  other  vertex  of  an  edge, 

Given  an  edge  and  one  face  of  that  edge  the  CrHER  fetch 

Primitive  returns  the  other  face  belonging  to  that  edgo.  Given  an 
ed9e  and  one  vertex  of  that  edge  the  0TwER  fetch  primitive  returns 
the  other  vertex  belonging  to  that  edge. 
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II  .  ^  •  E|&DorationS  on  Winged  Fdge  Structure. 

In  this  section,  some  variations  on  the  basic  winged 
8  d  5  g  structure  are  given,  These  variations  arise  as  adaptations  *  o  r 
iry  aooMcatlon,  and  as  un  i  me  I  enented  ideas  for  improvements.  The 
adaptations#  s  h  c  «  n  in  figure  2.3#  include  addins  serial  nunoers  and 
AU  Mnks  to  all  the  faces#  edges  and  vertices.  Tne  s?riai  mumpers 
CrCviae  another  way  of  addressing  and  are  especially  useful  cur  Inn 
incut  arc  output,  The  alt  link  Is  used  for  pointing  to  additional  tut 
temporary  data#  the  most  elaborate  ALT  data  has  to  ao  with  enges 
during  a  hidden  line  elimination,  Sacrificing  memory  space  for  soeej 
and  flexibility#  the  face  and  edge  coefficients  are  stcre-.i  in  each 
noae#  and  the  Image  coordinate  < Xdp , Ydp , Hop >  and  display  coordinates 
( X°c  #  Yflc )  are  added  to  each  vertex,  in  elaborate  systems,  tne  image 
coordinates  mooe  i  a  camera  and  the  d!sday  coor  n  i  nc.  t?s  rafpr  to 
lecatior  on  a  display  console.  Having  two  tiers  cf  image 
coordinates  allows  scrolling  about  tne  modeled  image  without  changing 
the  camera  (or  neaven  forbidden,  naving  to  redo  a  hidden  line 
e  |  i  it  i  nat  i  on# ,  The  r  ema  ining  so  far  unmentioned  name  s  Include:  the 
Tjoirt  link  in  vertic9S  which  is  for  shadow  and  hidden  lino 
operations#  the  tne  woro  in  faces  wnjch  contains  pnotom'trio  data, 
and  the  LOCOS  anc  f.^amE  links  of  a  booy  noce#  which  point  to  a 
I  ocat  i  or-or  1  entat  i  or.  matrix  and  an  ASCII  print  nav  respectively. 

Sacrificing  soeed  for  the  sake  of  memory#  tne  effect  cf 
having  rrest  of  the  extra  data  mentioned  above  can  be  'achieved  b> 
recomputing  it  rather  than  fetching  it.  Furthermore,  th<?  winged  cats 
structure  can  be  made  slightly  smaller  by  eliminating  +h9  face  and 
vertex  rings.  Face  and  vertex  sequential  accessing  can  =tli!  r.e  dene 
by  ravirc  two  narking  oits  in  each  face  .and  vertex, and  by  ?hnn  'loin? 
thru  the  edge  r  *  r.o  looking  at  the  two  faces  and  two  vertices  of  each 
eo?e  for  ones  that  are  not  freshly  marked.  It  wouid  be  nice-  if  such 
ecorenizing  could  oe  done  helow  the  level  of  the  operations. 

Pesices  optimizations#  the  next  improvement  Idea  I  would  like 
to  atterret  would  be  to  split  tne  notion  of  a  boay  intc  the  two 
notions  of  a  "part"  and  a  "cell”.  Farts  would  have  the  parts  tree 
anc  names  tnat  bodies  mow  rave,  whereas  a  cell  would  have  volume  and 
face  structure,  !r>  this  hypothetical  Cell,  Face,  Edge,  Vertex  (CFr.V) 
model#  each  face  cojlc  point  tc  a  cell  on  either  side  of  it#  the  cell 
with  the  lower  serial  mumper  (or  something)  being  ccn=trgeu  as 
exterior,  Cell  number  zero  would  ne  tne  infinite  veld  o *  three  scac? 
in  whicr.  everytmirc  is  embedded.  The  trouble  wi^h  CF£.v  Is  that  th* 
irrpertant  matter  of  a  Polyhedron  surface  nas  to  be  salva-iec;  it  can 
"ot  oe  abandonee,  cecause  ^oaels  without  good  surface  representations 
can  not  predict  apcea  r  ance ,  wnich  is  one  of  ny  r  e  au  I  rer.e-t?  , 


Preceding  page  blank 


summary  of  polyhedron  primitives, 

A.  EULLft  PRIMITIVES, 

1,  BNEW  -  MKPFv; 

ma^e 

a  body,  face  3  vertex, 

2.  KLBFFV(Q); 

kill 

a  body  a  all  its  pieces. 

3,  VNEW  #-  MKE  V  (  F  ,  V  )  ; 

make 

edge  a  vertex. 

4,  ENEW  *■  MKFE(  Vi,F,  V2)  ; 

make 

face  a  edge, 

5,  VNEW  -  ESPLIT(E); 

split 

an  edge. 

6.  F  -  KLFE(ENEW); 

kill 

face  a  edge  leaving  a  face, 

7.  E  -  KLEV(VNiEW); 

kill 

ed9e  vertex  leaving  an  ejge. 

8,  v  -  klvE(Enew); 

kill 

vertex  &  edge  leav!ng  a  vertex. 

9,  B  -  GLUE(Fl,F2) ; 

s  1  ue 

two  faces  together. 

*  10.  PNEW  ►  UNGLUE ( E ) ; 

jnglue  along  a  seam  containing  E. 

B.  SOLID  PRIMITIVES. 

1.  VPEAK  -  PYRAMID(F) ; 

form 

a  pyramid  on  a  face, 

2i  F  #  PRISM(F) ; 

form 

a  rectangular  prism, 

3.  F  -  CWPR I 3M0 I 3 ( F ) 

form 

a  clockwise  or ' smo { J , 

4,  F  -  CCWPRISmOIOIF) ; 

form 

a  counter  clockwise  or  Isms  id. 

5.  ROTCOM(F); 

complete  a  solid  of  rotation.  1 

6.  FVDUAL(B); 

form 

face  vertex  dual  of  a  body. 

7.  BNEW  -  MKCOPY(B); 

make 

a  copy  of  a  body. 

8,  EVERT ( B ) 5 

turn 

a  body  surface  Inside  out, 

9,  PI  -  SUN (31,02)# 

form 

union  of  body  inter. iors. 

10,  SI  *  BIN (91, 62) J 

form 

intersection  of  b°dy  Interiors. 

C.  GEOMETRIC  PRIMITIVES, 

1,  TRANSLATED, R) ; 

2.  ROTATED, R>; 

3,  DILATED, R>; 

4,  REFLECT ( 3, R  )  ; 

0.  IMAGE  PRIMITIVES, 


1,  projector (Camera# world) j 

2,  EL  I  ST*-CLIPEq(  WINDOW,  WORLD) ; 

3,  OCCULT ( WORLD  )  # 

*  4  i  SHADOW (SUN, WORLD ) » 

*  5.  TV  MKVI  D(  WINDOW,  WORLD) ; 

«  6,  B2U  -  MKB20( WINDOW, WORLD)? 

*  7.  P20  «■  CARET  YE  f  TV )  ; 


»  under  construction#  Oct  1972 
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III.  HHJMTIVES  ON  POLYHEDRA, 

In  this  section  a  number  of  o  r  I  m  i  -t  1  v  e  s  for  coins  things  to 
polyheflfa  are  explained,  Although  these  primitives  are  currently 
Implemented  using  the  winged  edge  data  structure,  they  do  not  require 
a  particular  polyhedron  representat I  on,  Indeed,  many  of  these 
Primitives  were  originally  Implemented  In  a  LEAP  oolyhedron 
representation  very  similar  to  that  of  Falk*  Feldman  and  Paul 
treference  53,  Thus,  the  primitives  of  this  section  are  on  a  level 
logically  independent  from  the  operations  of  the  previous  section, 

Another  aspect  of  thege  primitives  is  that  they  can  he  used 
as  the  basis  of  a  "graphics  lahguage"  or  nore  accurately  as  a  package 
of  subroutines  for  geometric  modeling,  In  this  vein,  the  primitives 
are  currently  collected  as  a  package  called  GEOMES  for  Geometric 
Modeling  Embedded  in  SAIL*  and  as  GEOMEL,  Geometric  Modeling  Embedded 
In  LISP,  A  third  Iangua9e,  called  GEOMED,  arises  out  of  the  command 
language  of  a  geometric  model  editor  based  on  the  primitives. 

The  primitives  are  shown  in  four  groups  in  the  summary.  The 
first  group,  the  Euler  Primitives,  were  Inspired  by  Coxeter's  oroof 
of  Euler's  formula,  section  10,3  of  [reference  23,  Although  the  proof 
only  required  three  primitives,  additional  ones  of  the  sare  ilk  were 
developed  for  convenience.  The  second  group  is  composed  of  some 
polyhedron  primitives  that  were  coded  using  the  Euler  Drimitiv«s.  The 
thir°  Group  Is  for  primitives  that  move  bodies,  faces,  edges  and 
vertices;  or  compute  geometric  values  such  as  length  and  volume,  This 
9rouP  Is  underdeveloped  for  two  reasons:  one,  because  t  have  done 
these  computations  ad  hoc  to  date;  and  two,  because  they  Imply  the 
3u&ject  of  animation  which  Is  large  and  difficult  and  not  nf  central 
Imoortance  to  vision,  Witn  the  exception  of  the  camera,  my  worlds  are 
nearly  (but  not  absolutely)  static,  A  less  impoverisned  leonetric 
group  will  be  presented  in  the  future.  The  final  group,  has  three 
well  developed  primitives  for  making  2D  Images;  and  several 
Primitives  that  when  finished  will  realize  part  of  the  vision  system 
that  I  am  trying  to  build. 
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III,  A,  Euler  P  r  I  m 1 1 1 ve$ . 

As  mention  above,  the  Euler  primitives  are  based  on  the  Euler 
Equation  F-E+V  s  2*8-2*11}  where  F»  E#  V,  8  and  H  stand  for  the  number 
cf  faces#  edges,  vertices,  bodies  and  handles  that  exist.  The  term 
"handle”  comes  fro*  topology,  *nd  Is  the  number  of  well  formed  holes 
In  a  surface}  a  sphere  has  no  handles|  a  torus  has  one  handle,  and  an 
IBM  flowcharting  template  has  26  handles.  The  Euler  eauatlon 
restricts  the  possible  topologies  of  FEV  graphs  that  can  be 
Polyhedra;  although  such  Eulerlan  oolyhedra  do  not  necessarily 
correspond  to  what  we  normally  call  a  solid  classical  polyhedron. 
Strict  adherence  to  constructing  a  polyhedron  that  satisfies  Euler 
equation  F-E+V  s  2*3  -  2*H  would  require  only  four  primitives! 


1,  Make  Body,  Face  and  Vertex 

2,  Make  Edge  and  Vertex, 

3.  Make  Face  and  Edge. 

4.  Glue  two  faces  of  one  body, 

4.'  Glue  two  faces  of  two  bodies. 


+F 

-E 

♦V  =  2*8  -  2*H 

+1. 

•  t 

<  1  «^ll  M  ft  1 

-1 

+1 . 

+1 

-1 

-2 

+N 

-N . .  ...  *1 

-2 

+N 

"N|  M  •*!)  M  1  M 

H0weV9r,  the  four  corresponding  destructive  primitives  are  also 
possible  and  desirable: 

+F  -E  + V  s  2*B  -  2*H 


1,  Kill  Body,  Face  and  Vertex 

2,  Kill  Edge  and  Vertex, 

3,  Kill  Face  and  Edge, 

4,  Unglue  along  a  seam. 

4,'  Unglue  along  a  seam. 


— 1,,,  .  —  1 « < .  .-1,.,,,, 
. . .+1  -1 , 

-1  +1 . 

+2  -N  +N . -1 

-2  +N  -N ,  ,  , .  ,,,,,, 


And  finally  the  operation  of  splitting  an  edge  at  a  midpoint  into  two 
eqges  oecame  so  Important  In  forming  T'JoInts  during  hidden  line 
elimination  that  the  ESPLIT  primitive  was  Introduced  in  place  of  the 
equivalent  KLFE,  MK£V,  MKFE  sequence. 


In  using  the  Euler  primitives,  some  non-classical  oolyhedra 
are  tolerated  as  transitional  states  of  the  construction;  these 
transitional  states  are  called: 


Seminal  Polyhedron, 

Wire  Polyhedron, 

Lamina  Polyhedron, 

She  M  Pol yhedron. 

Face  with  Wjre  Sours  on  Its  perimeter. 

a  seminal  polyhedron  is  like  a  point:  a  wire  polyhedron  is  linear 
with  two  ends  like  a  single  piece  of  wire;  lamina  and  shell  oolyhedra 
are  surfaces,  and  the  picturesoue  phrase  about  spurs  is  a  restriction 
on  h0w  faces  are  dissected  Into  more  faces,  These  terms  will  be 
explained  In  more  detail  when  they  are  needed, 


Ill#  At  Euler  Primitives* 


1.  &NEW  *•  MKBFV,  Make  Seminal  Body, 

The  MKBFv  orimitlve  returns  a  body  with  one  face  and  one 
vertex  and  no  ed9es,  other  bodies  are  formed  by  applying  primitives 
to  the  seminal  MK&FV  body,  The  seminal  body  Is  initially  attached  as 
a  part  of  the  world. 


2,  KLBFev(BNEW)  ;  Kili  Body  and  a||  its  pieces,- 

The  KLBFEV  prlmlt've  will  detach  and  delete  from  memory  the 
body  given  as  an  argument  as  well  as  all  its  faces>  edges,  vartlees 
and  suo-parts. 


1  3,  vN£w  *•  MKEV(F,v);  Make  an  edge  and  a  vertex. 

The  MKFV  primitive  takes  a  face,  F,  and  a  vertex,  v,  of  F's 
perimeter  and  it  creates  a  new  edge,  ENEW*  and  a  new  vertex,  V.MEW. 
ENEW  and  VNEW  are  called  a  "wire  spur'*  at  V  on  F,  MK£V  returns  the 
newly  made  vertex,  VNE'Wj  ENEW  can  be  reached  since  PED(WEW)  ls 
(.  always  ENEW,  Only  one  wire  spur  Is  allowed  at  v  on  F  at  a  tl^e. 

When  applied  to  the  face  of  a  seminal  body,  MKEV  forms  the 
special  polyhedron  called  a  "wire"  and  returns  the  new  vertex  as  the 
"negative"  end  of  the  wire,  A  wiry  polyhedron  is  illustrated  in 
figure  3,1,  wnen  apDlled  to  the  negative  end  of  a  wire,  MKEV  extends 
i  the  wirei  however  if  applied  to  any  other  vertex  of  the  wire*  MKEV 

refuses  to  change  anything  and  merely  returns  its  vertex  argument. 


gure  3.1  -  A  Wire 

Polyhedron, 

Figure  3,2  -  VNE’.,‘-»kEV(F,  V) } 

seminal  vertex  • 

VI 

V 

positive  end  +  \ 

of  wire. 

/l\ 

1 

El 

/  1  ♦-•-•■►E'.'E  W  3P-«ir« 

- 1 

/  !  \ 

9 

V2 

/  -VNEW  \ 

+  1 

/  \ 

1 

E2 

/  F  \ 

negative  end  -I 

c  f  w  1  r  e  r 

/  \ 

latest  vertex  s 

V3 

-  - - ....  * 
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rfGijKt  3.4  -  TWO  EXAMPLES  USING  EULER  PRIMITIVES,  (see  Dage  32>. 

a  ,vl ak£  a  cube; 

integer  procedure  mkcjbe; 

BEGIN  "MKCURE" 

INTEGER  B,F(E,V1,V2.V3»V4J 
a  create  seminal  polyhedron; 

b  -  MKBFV;  F  «-  PFACE(B);  VI  PVT(3>; 

XWC(Vl)«*+i;  Y  WC ( VI )  *-+l  J  ZHC(V1)«— It 

or  make  SEMINAL  POLYHEDRON  INTO  A  LAMINA  POLYHEDRON; 

V  2  -  MKEV  (  F ,  VI ) ;  XWC(V‘2>*-  It 

V3  MKEV(F,V2);  YWCCV3)*— It 

V 4  *  MKEV(F,V3);  XWC(V4)-  +  l; 

F  ^  MKFE( Vl,P,V4) ; 

or  make  FOUR  SPURS  On  the  LAMINA; 

VI  -  MKEV(F,VD;  2HC  (  VI  >-  +  l ; 

V2  -  MKEV(F,V2>J 

V 3  *■  MKEV(F,V3); 

V4  -  MKEV(F,V4)J 

or  JOIN  SPURS  TO  FORM  FINAL  FACES; 

F.  -  MKFE(Vl,F,V?>; 

E  -  MKFE(V2,F,V3) ; 

E  -  MKFE(V3,F, V4) ; 

E  -  MKFE( V4.F.V1)  ; 

RETURN <H> ; 

end  "mkcube"; 


or  FORM  A  PYRAMID  ON  A  FACE; 

integer  procedure  pyramid  (Integer  f>; 

BEGIN  "PYRAMID" 

INTEGER  V,  VC,E.EZ,PEAK,EX; 

real  x,y,h;  integer  It 

X-Y  + 

a  GET  A  VERTEX  OF  TrE  FaCE  AND  MAKE  A  SPUR  TO  A  PEAK; 
E-E3*PEDCF) ; 

V0  vr.W  (EO.c  *  ; 

PEAK  •-  MKE  V  {  F  ,  V?  )  ; 

a  CGNNECT  THE  OTHER  VERTICES  OF  THE  FACE  TO  THE  PEAK; 

while  true  do 

PEG  IN 

V  -  /CCW(E,F>; 

X-X  +  XWCC  V) ;  Y-Y  +  YWC(V>;  r*£+2WC(V); 

I NCrEm ( I ) ; 

1 7  V  =  V2  THEN  DONE; 

E  -  ECC'W  ( E » F  )  ; 

Ex  -  MKFE(PEAK,F,V) ; 

END; 

a  POSITION  THE  P F A K  VERTEX  AT  THE  CENTER  OF  THE  FACE; 

XWC  (  PE  AK  )  »-X/  I ;  YWC(FEAK)-Y/I  ;  ZWC(P£AK  ) -?./ I  ; 

=  E T  'RN  (PEAK); 

"PYRAMID”; _ _____ _ 
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4.  ENtW  MKFE(Vl,Ff V2)  ; 

The  MKFE  primitive  can  be  thought  of  as  a  face  split.  Given 
a  faC9  and  two  of  its  vertices*  MKFE  forms  a  new  face  on  the 
clockwise  side  of  the  line  J 1  to  V2  leaving  the  o|d  face  on  the 
counter  clockwise  side,  VI  becomes  the  PVT  of  ENEW,  V2  oecomes  the 
NVT  of  ENEW,  F  becomes  the  PFaCE  of  ENEW  and  FNEW  Decodes  the  NFaCE 
of  E^EW;  also  ENEW  becomes  the  PED  of  F  and  FNEW, 


figure  3.3  -  MKfE  and  KLFE. 
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BEFORE  KLFE 


MKFE  is  also  used  to  join  the  two  ends  of  a  wire  oolynedron 
to  form  a  ''lamina'’;  or  tne  two  ends  of  wire  spurs  to  sol  It  a  face;  or 
an  end  of  a  wire  sour  and  a  regular  perimeter  vertex  to  split  a  face. 
A  "lamina  polyhedron''  has  only  two  faces  and  thus  no  volume. 


EULER  EXAMPLES, 

The  use  of  the  primitives  discussed  so  far  is  illustrated  by 
the  example  subroutines  in  figure  3.4  on  page  29,  Th?  make  cube 
subroutine  starts  by  olacing  a  seminal  vertex  at  (1,1, 1>;  Tnen  a  w|re 
of  three  edges  Is  made  using  the  MKEV  Primitive,  As  the  code  implies# 
mkE v  places  Its  new  vertex  at  the  locus  of  the  old  one,  The  ends  of 
the  wlre  are  Joined  with  a  MKFE  to  form  a  lamina  polyhedron,  then  a 
spur  Is  placed  on  each  of  the  vertices  of  the  lamina,  and  finally  tne 
spurs  are  Joined, 

The  pyramid  example  is  more  realistic,  since  polynedra  are 
not  generated  ex  nihil,  but  rather  arise  out  of  the  vision  routines 
and  the  geometric  editor.  PYRAMID  takes  a  face  as  an  argument  (which 
is  assUpred  to  have  no  spurs)  and  runs  a  spur  from  one  vertex  to  the 
midale  of  the  faces,  then  all  the  remaining  vertices  of  tne  face  are 
joined  to  that  snur  to  form  a  pyramid. 
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HI.  A,  ruler  Primitives.  ( Cent  I  n-jea) . 

5.  VM-M  *  ESPLIT(£);  Edge  SD I  ft. 

c  -  x9t  FSPLIT  i  s  heavily  used  m  the  hidden  line  eliminator, 


6. 


KLFECENEW) ; 


Kill  Face  Edge, 


c ; r - p  +I^!s  primitive  KJJfs  a  face  « no  an  edge  leaving  e-e  ffln« 
Si  c®  th.s  srm.tivo  <s  ^tended  to  be  an  inverse  o*  MKFE,  the  NFACF 


of 

sw<? 


:-k.fU  '"Teiao  v  :ne  Nr  ACF 

.s  1  !led*  However  the  NF AGE  and  PFACE  0f  an  edge  nav  be 
c  eo  by  using  the  nVFPTCE)  primitive.  See  Figure-  3,3  fe?  KLFE. 


KLEV(VNEW) ; 


Kill  Edge  Vertex. 


Tr. !  s  oriI"i|,SriTM1*M!iil?,,n  6350  "I"  '•**!"-  o«.  «a«. 

«it'  »  .  .  !=T  .  “”r!  e  "ith  ,*KE'''  *re  n,°eo1-ts  mjt 

1  com., i,  in  a  Pjrs  form  it  would  have  tn  leave  vertigo-  ,.:+K 

tner’Slrh3reate!  tns/1  tW°  jntouctie(3»  however  it  in  fact  "uo-oy ran i  1S- 
tneT  with  a  series  0f  KLFE's  and  then  kills  the  remaining  ,Dun 


P.  V  -  KLVL(EMEW) ; 


Kill  vertex  Edge , 


^t'c?se  «n.;;  j  in-i  ^r^;?  «. 


9.  fc  -  GLUE (FI, F2 ) ; 


Glue  two  faces. 


O  ij  t  of 


This 
two  o 


ioWiMSJ  SrA'llUKil??'  JSfSlPS  ,■<*» 

ah!  !'l!n  00?y'  Th?  pu-iber  of  ociges  [n  tne  two  faces  must  "e  the  sane 
n-  <■  -ir  orientation  should  be  opposite  (exterior  to  exterior), 


*1^,  d^E'W  *■  UNGLUEirjj  Unglue  along  seam. 


*not  i  np  l  er-ented . 


j^«-  Ji ioio"cf  5;.I5! 

in  ho  Wh,Cn  unglue  w ;  |  I  for-’  two  opposite  faces.  The  ror-s  are  made 
thet  temPorary  tyoe  nit  }n  the  edge  nodes  of  the  oiven  bcwv  If 

ctC  ri.f°rSh  tW0.  V%JolnX  bodifes  then  a  nL  oooy  ?s  -a  e  on 
NFACL  s i de  Of  the  original  E  argument. 
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HI,  a.  SOLID  PRIMITIVES. 

1.  VPEAK  -  PYRAMID ( F ) ; 

2 ,  F  *•  PRISM (F); 

3,  F  -  CWPRISMIOD(F) } 

4.  F  *-  CCWPRISMIOD(F); 

These  four  primitives  are  called  the  "sweep  primitives", 
because  they  form  a  simple  polyhedron  from  a  face  in  a  fashion  that 
appear*  like  sweeping  the  face  along.  Tne  sweep  primitives  (with  the 
exception  of  PYRAMID)  do  not  change  the  location  of  the  given  face 
but  merely  copy  its  perimeter*  forming  new  faces  and  edges  between 
the  o | d  perimeter  and  the  new  perimeter.  The  pyramid  primitive  has 
already  appeared  as  an  example  on  page  29. 

Starting  with  a  nine  sided  face  lamina,  the  rocket  in  figure 
3,c  was  formed  from  the  bottom  by  sweeping  two  prism  stages,  then  tw0 
counter  clockwise  Prlsmold  stages,  and  then  two  clockwise  orismoid 
stages*  and  finally  one  pyramid  to  form  the  nose  cone,  The  fins  were 
made  by  prism  sweeping  everythlrd  face  of  tne  first  stage. 


PI  CURE  3,o  -  Rockets  made  with  sweep  primitives. 


III.  y *  SOHO  PRIMITIVES,  (continued). 

5,  ROTOOM(F)i  Rotation  Completion, 

As  Illustrated  In  the  first  three  frames  of  figure  3.7  oe|0w, 
wire  faces  can  be  swept  to  form  a  shall,  When  a  wire  face  Is  swept  by 
a  sweep  primitive  (other  than  pyramid)  it  Is  marked  as  a  shell  face 
of  rotation  and  Its  original  perimeter  count  Is  kept  for  later  sweeps 
to  refer  to.  In  the  third  frame  the  shell  has  bean  positioned  so 

that  Its  slot  can  be  seen.  The  shell  face  now  includes  all  the  edges 
of  both  cole  caos  as  well  as  the  two  meridians  of  the  slot,  ROTCQM 
takes  such  a  shell  face  and  breaks  it  Into  two  polar  faces  and  as 
"’any  other  faies  as  necessary,  by  means  of  tne  count  that  wa3  saved. 


FIGURE  3.7  -  Solid  formed  by  rotation. 
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II1«  B«  Solid  Primitives*  <cont«f'u®cli  • 


6.  f vdual(B)  ; 

7.  BNEW-MKCOPY(b) ; 

These  two  Primitives  illustrate  the  extremes  from  *  class  of 
m i see  I  I aneoua  primitives,  FVDUAL  is  a  worthless  curosity  and  MKCOPY 
Is  auite  useful  but  unlnterestlnfl.  FVDUAL(B)  of  a  body  changes  all 
the  faces  of  a  body  Into  vertices  and  all  the  vertices  into  faces*  In 
the  winged  edge  data  structure  this  merely  requires  compjtlnr  a  locus 
for  each  face  (its  center)*  re-^typlng"  faces  and  vertices,  and  then 
swapping  the  face  and  vertex  link  positions  in  each  fac?,  edge  and 
vertex  of  the  body, 

figure  3.8  illustrates  Euclid's  construction,  of  a 
dodecahedron  from  a  cube,  yUe  dnlt  cube  is  formed*  then  all  its  edges 

are  mldpolnted  and  translated  0,2  units  into  tne  throe  pairs  of 
Parallel  faces*  then  the  midpoints  are  lifted  0,3  units  off  the  plane 
of  each  face  of  the  cube;  then  .iKFE  Is  applied  six  times  to  sol  it  the 
eisht  sided  faces  into  five  sided  faces;  giving  a  dodecahedron 
(nearly  regular).  Aoplylng  the  FVDuAl  to  the  dodecahedron  yields  the 
i  cosaheoron , 
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III.  B.  Solid  Primitives.  < cont i n yed) . 


b,  tVtPTon* 

9.  Bl-faUN(Bl,B2); 

1«.  Bl-bIN(&l,&2) ; 

These  three  Drimltivas  perform  the  Hoolaan  operations  op 
polyhedron  Interior  volumes.  EV£RT( B )  turns  £  body  inside  out*  thus 
ch.ar.9ing  a  cube  into  a  room*  as  a  solid  into  a  bubDle,  Cojects  with 
infinite  "interiors**  are  permissible*  such  polyhedra  are  impossible 
in  many  classical  deve I ooaments  of  solid  Geometry  which  make  the 
interior  of  a  polyhedron  to  be  the  region  of  space  with  finite 
volume*  by  definition.  The  body  union  is  PUN*  which  allows  Bi  to 
survive  if  the  Interiors  of  the  bodies  are  not  disjoint,  a  body  with 
two  disjoint  polyhedrons  Is  shunned.  The  booy  intersection  Is  BIN, 
«h>ch  allows  Bl  to  survive  if  the  interiors  of  the  bodies  are  not 
disjoint. 


TWO  BODIES 


BODY  UNION 


FIGURE  3.9 


BODY  INTERSECTION 


BODY  SUBTRACTION 


J 
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c.  geometric  primitives. 

1»  TRANSLATE  ( Q , R ) 5  q  argument  is  a  body»  face,  edge  or  vertex, 

2,  ROTATE ( Q  *  R ) ;  R  argument  is  a  transformation  array  with 

3,  DlLATE(Q,R);  respect  to  world  coordinates, 

4,  REFLECTION) ; 

The  four  Euclidean  transformations  are  translation,  rotation, 
reflection  ana  dilation;  and  as  first  mentioned  in  Klein's  Erlangen 
Program,  1872,  these  four  primitives  form  a  group.  The  primitives  may 
oe  applied  to  bodies,  faces,  edges  or  vertices  in  order  to  change 
vertex  world  1  oc «  I ,  Thus  a  body  Is  the  set  of  vertices  in  its  vertex 
ring,  a  face  Is  the  set  of  vertices  on  its  perimeter*  an  edge  is  the 
two  vertices  which  are  its  ends,  and  a  single  vertex  is  itself;  but 
there  are  special  cases  having  to  do  with  faces,  (In  GEOMED  a 
special  counter,  negative  Font,  is  maintained  in  wire  sweep  faces  in 
order  to  make  solids  of  rotation).  The  second  argument  R  >s  a  pointer 
to  a  transformation  array  In  world  coordinates  of  four  rows  and  three 
co I u^ns: 


XWC, 

YWC, 

ZWC 

IX, 

!Y, 

IZ 

JX, 

JY, 

JH 

KX, 

KY, 

KZ 

For  translation,  only  the  XWC,  YWC  and  EWC  are  involved  and  all  the 
vert'ces  are  translated  In  the  obvious  fashion: 

X  -  X  +  XWC;  Y  -  Y  +  YWC;  Z  -  Z  +  ZWC{ 

khereas  for  rotation  (dilation  and  reflection)  the  Innermost 

computation  applied  tc  eacn  vertex  is: 

X  -  X  +  XWC;  Y  -  Y  -  YWC;  Z  -  ?  ♦  ZWC; 

XX  -  IX*X  +  I y*y  +  IH«Z; 

YY  -  JX«X  +  JY*Y  +  JH*c; 

a  «-  Kx*x  +  KY*v  +  h2*Z) 

X  -  XX  -  XWC;  Y  -  YY  -  YwCJ  Z  -  22  -  ZwC  I 

At  this  point, I  should  now  present  a  few  general  primitives  for 

setting  up  such  transformation  arrays,  but  I  don't  have  them  yet.  The 
Problem  involves  selecting  frames  of  references,  strength  of 
transformation,  axes  of  transformations,  origins  of  frames  and  modes 
such  a  s  aosolut3,  relative  or  i nte r do  I ated ,  At  Present  in  my 
applications  these  natters  ere  hano|ed  ad  hoc  (the  most  general 
solution  being  the  ROTOEL  and  EUCLID  subroutines  of  CECMED),  The 
heart  of  deriving  a  transformation  array  is  to  get  a  frame  of 

reference  REF  anc  a-i  amount  of  rotation  DEL  and  to  compute  the  matrix 

Drocuct : 

R  *■  ( t  ranspose  ( REF  >  c  r  oss  ( DEL  cross  REF)): 

For  dilation  (larger  or  smaller)  cross  DEL  wjtn  a  non-u^ity  diagonal 
▼a^rix;  for  reflections  flip  the  row  signs  on  cesired  axes. 
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J.  IKAGfc  primitives, 

1.  PROJECTOR (CAMERA .WORLD); 

2.  ELIST-CLlPERCWlNDO'w.UORLD) ; 

3.  OCCULT ( W3PLD  )  ; 

*  4.  SHADOWtSUN, WORLD)  ; 

»  5 .  TV  «•  MKVIDCa'IN'DCW.  WORLD); 

*  6.  :12D  -  PKB2D  (WINDOW,  WORLD )  ; 

*  7,  P2U  CAREYE(TV); 

*  urder  construction.  Oct  1972. 

PPOjtCTOR  computes  tne  perspective  projected  locus  of  *  I  I  tne 
vertices  in  a  given  world  from  a  given  camera.  CLIPPR  computes  the 
Portions  of  3D  lin0s  chat  are  visible  witnin  a  given  display  window. 
OCCULT  compares  all  the  edges,  faces  and  vertices  in  a  given  world; 
us'r.9  their  current  projected  coordinates;  faces,  edges  and  vortices 
that  are  not  vlsiple  from  the  Implied  camera's  viewpoint  a<*e  marked 
as  hiooen;  faces,  edges  and  vertices  that  are  visinie  are  marked  as 
visible;  and  faces,  edges  ano  vertices  that  were  initially  partially 
visible  are  broken  up  into  visible  and  hidden  portions.  The  new 
faces,  edges  and  vertices  introduced  by  OCCULT  "re  mp.rk&o  so  that 
they  can  be  removed. 

The  following  four  primitives  are  still  peing  developed. 
Shadow  will  literally  build  a  world  with  shadows  in  it;  shadow  calls 
OCCULT  twice,  once  for  the  SUN  and  once  for  the  camera,  Tnere  is  no 
conceptual  difficulty  in  doing  many  point  sources,  but  I  snail  get 
one  source  working  at  a  time.  The  MKVID  primitive  generates  TV 
intensity  rasters  from  the  world  model  after  OCCULT  or  SHADOW  has 
been  applied,  The  ys<S2D  primitive  generates  a  2D  data  structure  of 
regions  and  eo9es  (which  *s  a,nost  a  copy  of  the  3D  structure  tnat 
has  been  presented,  out  with  soecial  attention  Paid  to  T"Joints); 
this  d2D  data  structure  is  an  image  model.  Finally,  the  CAREYE 
cp'iritive  converts  TV  Intensity  rasters  into  B2D  image  structure.  A 
oeta'led  oiscrlption  of  these  image  primitives  can  not  pe  given  at 
this  t'*re  (OCT  1972),  because  I  haven't  finished  making  them, 


IV.  APPLICATIONS, 


The  single  aoolicaticn  around  whicn  the  geometric  —•  o  e  !  i  n  g  of 
tris  paper  Is  beir.'j  oullt  Is  for  a  computer  television  vision  (tw  ?) 
system  for  looking  •> t  reel  world  scenes,  I  believe  +  hat  a  computer 
must  n3vs  a  means  of  representing  what  it  is  intended  tc  see  anc 
furtner  that  the  ,-ep  r  e  sentat  i  on  must  have  (in  principle)  an  inverse 
relatior  to  a  television  Image,  'My  first  premise  Is  rarely 
auestioped.  the  second  premise  is  frequently  questioned,  One 
alternative  position  is  that  so  called  "features"  can  oe  extracted 
f  r 0  n  an  image  and  then  used  by  a  heuristic  problem  solver  tc  find  an 
association  oe tween  the  perceived  featuras  and  previous  general 
knowledge;  It  is  then  stated  that  there  is  no  need  to  so  ^rom  the 
general  knowledge  or  even  from  the  so  called  Image  "fee-cures"  Pack 
dowr  to  a  television  image,  even  just  in  principle,  I  wish  tc  state 
the  opposite,  there  is  a  neen  to  go  from  the  ganenl  representation 
to  a  television  image  :n  Order  to  develop  computer  vision  vitnout 
navlng  to  solve  sev  r  a  I  other  problems  of  Artificial  intelligence. 
Applications  of  geometric  modeling  other  than  television  vision  mignt 
Include:  architectural  drawing,  comouter  animation,  anc  modeling  for 
laser,  radar*  and  sonar  image  systems. 
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IV.  A,  vooelingj  3Egh£D  -  a  drawing  program, 

GEOMED,  Geometric  Hod8t  Editor.  Is-for  making  and  editing 
oolynoara.  The  command  language  of  GEOMED  Provides  the  Euler 
or » tr  i  t  >  v e s  In  the  context  of  a  push  down  stack  (the  PAD?DL)  o* 
oocies*  faces.  edges  and  vertices.  The  main  difference  between  an 
interactive  program  and  a  programming  language  being  that  the  former 
carries  along  a  work'nG  context  so  that  most  arguments  and  data  do 
not  nave  to  ce  explicitly  named. 


v 

F 

J 

G 


make  seminal  vertex  body, 
make  edge  and  vertex, 
make  edge  and  face, 
nlue  two  faces. 


In  addition  to  the  stack*  GEOMED  provides  frames  of  reference 
for  the  Euclidean  transformations,  there  Is  a  world  frame,  body 
frames,  camera  frames,  relative  frame  and  face  frames,  Also  the 
strength  of  a  Euc|ideah  transformation  can  be  halved  or  double,  set 
directly  or  entered  numerically  In  several  kinds  of  units.  And 
finally  the  transformation  can  be  done  once  or  repeatedlly  by  keying 
chords  of  Stanford's  extra  shift  keys  named  "control"  and  "meta"  with 
a  j  :  (  )  -  or  *  character.  These  characters  are  not  mnemonics  but 
were  chosen  because  of  thler  positions  on  the  keyboard, 


I  » 
(  ) 

-  * 


transform  about  X-axis, 
transform  about  Y-axis, 
transform  about  Z-axis. 


a 

P 

* 


no  shifts 

control 

meta 

meta-contro  I 


TRANSLATION, 

rotation. 

DILATION. 

reflection. 


Finally.  GEOMED  provides  access  to  all  the  solid  primitives 
anc  hiaaen  line  eiinination,  along  with  commands  for  the  stack, 
incut,  output,  display*  and  switch  toggling.  The  commands  are 
aetailec  in  the  operating  note*  SAILON-68*  along  with  a  list  of 
GeOp.ES  and  GEOMeL  subroutines.  Two  examples  should  suffice  to 
Illustrate  how  concise  and  illegible  GEOMED  command  strings  are: 


1.  V: )\ElE(E: forms  a  cube, 

2.  V:«»E»E»E*E*E»E*E*Jt ! 

\\:?S>S)S>S)S)S)S)S)Gt  forms  a  torus. 

Thus  a  polyhedron  can  b9  represented  In  a  few  characters  (which  must 
be  compiled);  one  might  hope  that  such  a  "representation  by- 
generation"  could  provide  a  link  between  semantic  and  geometric 
mooels.  The  hard  direction  is  to  get  fron  a  polyhedron  model  to  the 
comn-ano  string. 


t 


PAGE  44 


IV.  u,  Graphics;  OCCULT  -  a  hidden  line  eliminator, 

OCCULT  Is  a  hidden  line  eliminator)  it  is  neither  a  Watkins 
nor  a  Warnock  algorithm  but  is  rather  a  throw-back  to  the  naive  Idea 
of  comparing  each  edge  with  all  the  other  edges  and  havInQ  ways  to 
4  dampen  the  potentially  large  number  of  comparisons  that  might  occur, 

There  are  three  kinds  of  dampening  In  OCCULT,  The  first  (used 
In  other  hidden  eliminators)  is  to  get  rid  of  the  faces  that  h*ve 
the|r  tacks  to  the  camera  and  to  consider  for  comcarlslon  only  the 
edGes  with  one  potentially  visible  face,  These  edges  are  called 
U  "folds",  The  second  kind  of  dampening#  Is  to  hide  everything 

oonnected  to  the  hidden  portion  of  an  edge  when  a  fold  crossing  Is 
discovered#  this  Is  made  possible  by  the  winged  edge  primitives  which 
allow  oolyhadron  surfaces  to  be  easily  traversed  topologically)  and 
by  the  Euler  primitives  whioh  allows  the  edges  to  be  auiokly  broken 
Into  visible  and  hidden  portions  without  losing  their  topology.  The 
C  third  kind  of  dampening  involves  having  a  raster  of  edge  buckets  to 

localize  the  comparisons, 

The  reason  for  doing  hidden  line  elimination  In  this  fashion 
Is  to  get  the  tooology  of  th«  Image  regions  and  edges  in  a  modeled 
scene  Including  the  shadows,  OCCULT  was  used  to  make  some  of  the 
fjoures  that  appeared  earlier  In  this  paper)  for  example  the  arm 
model  In  figure  1,2,  (which  required  twelve  seconds  of  PDP-10  oomoute 
time),  A  paper  on  OCCULT  should  be  available  before  the  end  of  the 
yeer»  1972, 


IV,  c,  vision)  CAreyE  -  a  video  region-edge  finder, 

CAREYE#  Cart  Eye#  is  vhe  oldest#  most  rewritten  yet  least 
finished  part  of  the  application.  At  present  Its  b«9t  tr  ck  Is  to 
teke  a  Television  Image  and  oonvert  it  Into  video  Intens  ty  contour 
linee  similar  to  thosf  discussed  by  Krakaur  and  Horn  (of  M.I.T,), 
Frorr.  vie.  Video  Intensity  Contours#  the  Image  goes  through  two 
Processes:  first#  the  oamera  loous-or I entation  for  the  Image  Is 
solved  by  finding  feature  points  in  the  image  that  cooresoond  with 
known  land  mark  point  In  the  world)  and  second#  after  the  camera  Is 
solvedtthe  locus  of  Previously  unknown  regions  of  the  Image  must  be 
added  to  the  world  model)  the  third  dimension  of  such  unknown  regions 
btlno  assumed  to  be  very  large#  until  evidenoe  Is  found  In  succeeding 
Images  that  make  the  region  "pop  out"  of  the  background,  These  two 
Processes  are  called  Camera  Locus  Solving  and  Body  Locus  Solving; 
CamlS  and  BOOLS)  and  are  the  missing  links  In  making  polyhedron 
models  merely  by  looking  at  objeots  and  scents  of  objects, 
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